ABSTRACT: Two surface modification methods-plasma surface treatment and chemical agent treatment-were used to investigate their effects on the surface properties of ultrahigh-molecular-weight polyethylene (UHMWPE) fibers. In the analyses, performed using electron spectroscopy for chemical analysis, changes in weight, and scanning electron microscope observations, demonstrated that the two fibersurface-modified composites formed between UHMWPE fiber and epoxy matrix exhibited improved interfacial adhesion and slight improvements in tensile strengths, but notable decreases in elongation, relative to those properties of the composites reinforced with the untreated UHMWPE fibers. In addition, three kinds of epoxy resins-neat DGEBA, polyurethane-crosslinked DGEBA, and BHHBP-DGEBA-were used as resin matrices to examine the tensile and elongation properties of their UHMWPE fiber-reinforced composites. From stress/strain measurements and scanning electron microscope observations, the resin matrix improved the tensile strength apparently, but did not affect the elongation.
INTRODUCTION
Epoxy resins are vitally important constituents in many manufacturing composite materials. Because of high glass transition temperature and being quite hard and brittle by nature, many thermoplastic polymers modified epoxy resin systems were developed to improve the toughness. The polyurethane (PU) modified epoxy resins 1,2 exhibit a number of advantageous properties, including high processability, low shrinkage, good mechanical stability, and resistance to heat and chemical agents. Fiber-reinforced polymer composites are used widely because of their excellent properties, such as light weights and high specific strengths and moduli. Fibers that are excellent reinforcing materials include carbon fiber, 3, 4 glass fiber, [5] [6] [7] [8] aramid fiber, and ultrahigh-molecular-weight polyethylene (UHMWPE) fiber. 9, 10 The advantages of using UHMWPE fiber are its high tensile strength, high tensile modulus, light weight, and high resistance toward chemical and physical degradation. Unfortunately, it also exhibits several drawbacks, such as a low surface energy and poor creep and heat resistances.
The interface between the reinforcing UHMWPE fiber and a matrix plays an important role in determining the mechanical properties of a UHMWPE fiber-reinforced composite. Many researchers have attempted to improve the surface properties of UHMWPE fibers through such processes as the T-peel strength of composites increased with the corona discharging treatment, 11 chemical grafting methods to make the UHMWPE wettable or capable of reaction with the matrix, 12 acid etching methods to roughen the surface and increase wettability, 13 laser irradiation, oxygen-plasma treatment of the UHMWPE fiber increases the transverse tensile strength and failure strain of UHMWPE fiber/vinylester composites and changes the failure initiation site from the interface to interior of the UHMWPE fiber, 14 and high-energy UV irradiation method may decreases the tensile properties but increases the crystallinity of the UHMWPE fiber. 15 There are also many surface modification methods about aramid fiber reinforced polymer composites included plasma treatment, 16 UV radiation method, 17 and chemical agent treatment. 18, 19 Aramid fiber is a polar fiber that adheres well to the polymer matrix in the composite because of attractive hydrogen bonding and other polar interactions.
In this study, two UHMWPE fiber surface modification methods included plasma and chemical agent surface treatments were applied to investigate the resulting surface properties using electron spectroscopy for chemical analysis (ESCA), weight change methods, and scanning electron microscope (SEM) observations. In addition, we used three kinds of epoxy resin matrices-neat DGEBA, PU-crosslinked DGEBA, and BHHBP-grafted DGEBA-to examine the tensile and elongation properties of various reinforced composites. SEM observations of fracture surfaces suggested the existence of improved interfacial adhesion and wet-out properties.
EXPERIMENTAL Materials
The materials used in the research are listed in Table I . Epoxy resin (DGEBA; diglycidyl ether of bisphenol A; EEW ¼ 186) and PBA 1000 polyol (Poly(tetramethylene adipate) glycol, M.W. ¼ 1000) were heated and degassed under vacuum overnight prior to use.
Preparation of PU-crosslinked DGEBA resin Figure 1 displays FTIR spectra recorded during the synthesis of the PU-crosslinked DGEBA. A broad peak for the OH groups (3500 cm
À1
) of PBA 1000 polyol appears in Figure 1 (a) in the spectrum of the initial state of the reaction. Purging with dried nitrogen gas was performed to remove both air and moisture from the reaction kettle before 2 equiv. of MDI and 1 equiv. of PBA 1000 polyol were added [ Fig. 1(b) ]. In the middle stages of the reaction, the peak intensity of the signal of the OH groups (3500 cm À1 ) decreased gradually and eventually disappeared while that of the NCO groups (2270 cm À1 ) reduced to half of its original intensity (based on the peak of the 1,4-disubstituted benzene units at 840 cm À1 ); in addition, a signal for the carbonyl groups (C¼ ¼O) of urethane linkages (1740 cm À1 ) was generated. At this point, DGEBA was added into the reaction system, whose spectrum appears in Figure 1(c) . In the final stage of the reaction, the peak intensity of the residual NCO groups (2270 cm À1 ) reduced continuously until it finally disappeared [ Fig. 1(d) ]. The changes in the peak intensities of the carbonyl (1740 cm
) and NCO (2270 cm À1 ) groups indicates the progress of the chemical reaction toward the PU-crosslinked DGEBA. The molecular structure of the PU-crosslinked DGEBA is illustrated below.
Preparation of BHHBP-grafted DGEBA resin

4,4
0 -Bis(6-hydroxyhexyloxy)biphenyl (BHHBP) was synthesized from 4,4
0 -biphenol and 6-chloro-1-hexa-nol as described previously. 20 Figure 2 displays FTIR spectra recorded during the synthesis of the BHHBPgrafted DGEBA. DGEBA was placed into a reaction kettle into which dry nitrogen gas was introduced to Fig.  2(a) ]. The changes in the intensity of the peak for the isocyanate group (NCO, 2270 cm À1 ) were monitored periodically. When the peak intensity of the isocyanate group reached half of its original value (based on the peak of the 1,4-disubstituted benzene units, 840 cm À1 ), the OH groups on the side chains of the epoxy resin had reacted completely with the MDI [ Fig. 2(b) ]. BHHBP was added into the kettle. When the peak for the isocyanate groups disappeared, the OH groups of the BHHBP had reacted completely with the NCO groups of the MDI [ Fig. 2(c) ]. The molecular structure of BHHBP-grafted DGEBA is illustrated below.
Curing of PU-crosslinked DGEBA resin and BHHBP-grafted DGEBA resin
Various ratios of modified DGEBA resins and 3 phr curing agent (TDMP) were mixed with vigorous stirring and then placed under vacuum for several minutes to eliminate all of the bubbles produced during the course of the agitation. The individual mixtures were poured into a Teflon-coated aluminum mold and pressed at 100 kg/cm 2 and 758C for 1 h and then they were postcured at 150 kg/cm 2 and 908C for 2 h.
Surface modification of UHMWPE fibers through treatment with plasma and chemical agents
For surface cleaning, the UHMWPE fiber was treated as follows: 21 1. Immersion in a nonpolar solvent (benzene) for 1 h at room temperature; 2. immersion in a polar solvent (ethanol) for 1 h at room temperature; 3. immersion in distilled water for 1 h at room temperature; and 4. dried in an oven overnight at 608C.
The discharge power of the plasma treatment apparatus was adjustable over the range from 0 to 200 W. In these experiments, four plasma treatment times (1, 5, 10, and 20 min) were selected using constant power (200 W). After plasma treatment, the fiber was exposed to the ambient atmosphere so that it would react with oxygen in the air.
For chemical agent treatment, the fiber was subjected to plasma treatment for 10 min and then immersed immediately into a dodecylbenzene sulfonic acid (DBSA)/decahydronaphthalene (decalin) mixture. The existence of DBSA was taken as an acid etching agent in the DBSA/decalin mixture for the acid etching process. The chemical treatment process was performed using four different DBSA weight ratios (0, 10, 20, and 30 wt %) and temperatures (25, 70, 80, and 908C) to examine the effects of the DBSA concentration and the temperature. After treatment with the chemical agent, the UHMWPE fibers were washed three times with ethanol and dried in oven overnight at 608C.
Preparation of UHMWPE fiber-and aramid fiber-reinforced composites
The PU-crosslinked DGEBA (or BHHBP-grafted DGEBA) and 3 phr curing agent (TDMP) were mixed with vigorous stirring and then placed in a resin tank. Acetone was used to dilute the PU-crosslinked DGEBA and BHHBP-grafted DGEBA, respectively, to facilitate the impregnation of the UHMWPE and aramid fibers in the drum-type winding machine. After the prepregs had been wound up, they were heated in an oven at 608C for 30 min to remove any residual acetone. Unidirectional (packing angle: 08) aramid fiber/ DGEBA, UHMWPE fiber/PU-crosslinked DGEBA, and UHMWPE fiber/BHHBP-grafted DGEBA composites containing the two different surface-treated UHMWPE fibers were fabricated using eight plies of manufactured prepregs; the dimensions of the compression mold were 200 Â 200 Â 1 mm (length Â width Â thickness). The prepregs were stacked and compression molded at 100 kg/cm 2 and 758C for 1 h and then postcured at 150 kg/cm 2 and 908C for 2 h. For mechanical testing, the various composite specimens were cut into smaller sizes using a hydraulic power cutting machine. The fiber contents of the cured composites of the UHMWPE fiber reinforcement materials were obtained by etching of the resin in 80% HNO 3 solution under reflux for 4 h and then recording the weight loss. 22 
Test methods
Infrared spectra were recorded using a BIO-RAD FTS-40 FTIR spectrophotometer operated at a resolution of 
cm
À1 . ESCA was performed using a VG Scientific MT-500 chemical analyzer. Morphological studies were preformed using a Tescan 5136 MM SEM. The stress/strain properties of the various UHMWPE fiber-reinforced composites were measured according to ASTM-D3039.
RESULTS AND DISCUSSION
Plasma treatment of UHMWPE fibers Figure 3 displays the ESCA result of the fiber surface modified through plasma treatment. The degree of oxidation increased rapidly upon increasing the plasma treatment time, but remained constant after 10 min. During plasma treatment, UHMWPE strands underwent both scission and dehydrogenation, causing micropits to be introduced into the fiber surface through etching. It is believed that such an oxidation process through plasma treatment would improve the degree of interfacial adhesion between the fiber and the resin matrix. The schematic illustrations for the formation of oxygen-containing groups are shown below: Fig. 4(a) ]. Plasma treatment induced micropits to appear on the UHMWPE fibers' surfaces, especially in the amorphous areas of the fiber surface [ Fig. 4(b,c) ]. The longer the plasma treatment time, the greater the extent of oxidation of the UHMWPE fiber surface and the greater the number of micropits. The presence of these oxygen-containing functional groups improved the interfacial properties between the UHMWPE fiber and the DGEBA matrix, but caused the strength of the UHMWPE fiber to decrease because of the corrosion of the surface structure. Thus, the optimal plasma treatment time for the UHMWPE fiber to provide the strongest reinforced fiber material was 10 min. Figure 5 displays the weight changes of the UHMWPE fibers after treatment with a chemical agent. The weight change increased clearly upon increasing the acid (DBSA) weight ratio in the chemical agent (DBSA/decalin) mixture. This result confirms that DBSA reacted with the activated surfaces of the UHMWPE fibers formed after plasma treatment mentioned before. At a constant DBSA content in the chemical agent, however, different treatment temperatures had no apparent effect on the weight change; i.e., the temperature during chemical treatment is not a factor affecting the progress of the reaction. We confirmed the accuracy of this analytic method by using pure decalin solvent as the chemical agent; the weight changes of the pure-decalin-treated UHMWPE fibers were almost invariable at the four treatment temperatures. Figure 6 presents SEM images of the UHMWPE fiber surfaces after modification through chemical agent treatment at 708C using four different DBSA weight ratios. As indicated in Figures 6(b-d) , a greater DBSA weight ratio in the chemical agent led to an increase in the number of rough and corrugated protuberances on the surface of UHMWPE fiber; the asreceived fiber surface was smooth [ Fig. 6(a) ]. Thus, the SEM observations are consistent with the results of the weight-change analyses in Figure 5 . For the manufacture of the following UHMWPE fiber-reinforced composite material, the UHMWPE fibers that had been subjected to chemical treatment with the chemical agent containing 30 wt % DBSA at 258C.
Chemical treatment of UHMWPE fibers
Mechanical properties of UHMWPE fibers reinforced PU-crosslinked DGEBA composites
Table II lists the mechanical properties of different composites formed from the neat DGEBA matrix mixed with the variously modified UHMWPE fiber surfaces. The fiber contents of the three kinds of composites were maintained almost constant in range from 34.2 to 34.6 vol % such that the mechanical properties of the three composite systems would be compared fairly. Table II indicates that the two UHMWPE fiber surface modification methods (plasma and chemical agent treatment) led to surface-treated UHMWPE fiber-reinforced composites exhibiting slightly improved tensile strengths relative to that of the original UHMWPE fiber-reinforced composite. The tensile strengths of the systems were affected by two compet- ing effects: (a) degradation of the UHMWPE fiber strength caused by scission and dehydrogenation reactions of its surface and (b) improved interfacial adhesion between the UHMWPE fibers and the neat DGEBA matrix. As a result, the tensile strengths of the composites containing the surface-treated fibers increased only slightly relative to that of the original UHMWPE fiber-reinforced composite.
The elongation properties of the composites formed using both types of surface-treated UHMWPE fibers decreased relative to that of the original UHMWPE fiber reinforced composite. Because the UHMWPE fibers are nonpolar materials and the neat DGEBA matrix was polar, the interfacial adhesion within the original UHMWPE fiber-reinforced composite was quite poor. The SEM image shown in Figure 7 (a) reveals that the original composite underwent a pull-out fracture mechanism during tensile testing. After plasma surface modification of the UHMWPE fibers, interfacial adhesion within the fiber-reinforced composites increased because of the presence of polar functional groups on the modified UHMWPE fibers' surfaces. So, it would obviously decrease the elongation of the plasma treated UHMWPE fiber/DGEBA composites, as indicated in the SEM image in Figure 7(b) . Figure 8 (a-c) indicates that the composites containing both kinds of UHMWPE-surface-treated fibers exhibited better wetting properties than did the origi- nal fiber-reinforced composite. In the following experiments, the effects that various modified DGEBA matrices have upon the mechanical properties of composites were studied using composites manufactured from untreated and plasma-treated UHMWPE fibers. Table III lists the mechanical properties of the UHMWPE fiber-reinforced composites prepared from the various modified DGEBA matrices. The fiber contents of the three kinds of composites were maintained within the range from 36.0 to 38.0 vol %. Each tensile modulus was measured by determining the slope of the stress/strain curve from 0.1 to 0.5% strain. The tensile strengths of the plasma-treated UHMWPE fiber reinforced composites were higher than those of the untreated UHMWPE fiber-reinforced composites. This phenomenon was caused by the two competitive effects-degradation of the fibers themselves and improved interfacial adhesion between the UHMWPE fibers and the epoxy matrix. From a comparison of the composite systems formed from neat DGEBA and from the two modified DGEBA matrices, we found that the choice of resin matrix played an important role in determining the tensile strength. The results listed in Table III and presented in Figure 9 (a) indicate that the PU-crosslinked DGEBA matrix composites exhibited higher values of tensile strengths ($ 30% greater for the untreated UHMWPE fiber-reinforced system and 27% greater for the plasma-treated UHMWPE fiber-reinforced system) than did the neat DGEBA matrix composites. This behavior was due to two effects: (a) crosslinking of the PU prepolymer with the pendent hydroxyl groups of DGEBA and (b) the softness of the PU prepolymer. 24 The BHHBP-DGEBA matrix composites also exhibited the same trend: the tensile strengths were $ 32% higher for the untreated UHMWPE fiber-reinforced system and 30% higher for the plasma-treated UHMWPE fiber-reinforces system than they were for the neat DGEBA matrix composites. These phenomena were due to (a) the reactions of the rigid-rod-like BHHBP with the pendent hydroxyl groups of DGEBA and (b) the BHHBPmodified DGEBA forming short-fiber-reinforced polymer composites. The untreated-UHMWPE-fiber-reinforced DGEBA composite exhibited a tensile strength From the results listed in Table III and presented in Figure 9 (b)-comparing composite systems formed from neat DGEBA and from the two modified DGEBA matrices-it appears that the choice of resin matrix did not significantly affect the elongation properties. The elongations of the untreated UHMWPE fiber-reinforced composites were all between 20.8 and 21.4% and those of the plasma-treated UHMWPE fiber-reinforced composites were all between 12.8 and 15.0%. The plasma-treated UHMWPE fiber-reinforced composites exhibited lower elongations relative to those of the original UHMWPE fiber-reinforced composites because of better interfacial adhesion between the UHMWPE fibers and the DGEBA matrix, as noted earlier from the results in Table II and the better wet-out properties suggested in Figures 8(a-c) . Because of their ductility, the UHMWPE fiber-reinforced composites exhibited larger elongations (>10%) than did the aramid fiber-reinforced composite (4.8%).
CONCLUSIONS
Evidence obtained from ESCA, changes in weight, and SEM images suggest that plasma and chemical agent treatment improved the degree of interfacial adhesion between UHMWPE fibers and DGEBA matrices because of the introduction of micropits on the plasma-treated UHMWPE fiber surfaces and of rough, corrugated protuberances on the chemically treated UHMWPE fibers' surfaces.
The UHMWPE fiber-reinforced composites formed from both types of surface-modified UHMWPE exhibited slightly improved tensile strengths but notably decreased elongations relative to those of the untreated UHMWPE fiber-reinforced composite, as confirmed from SEM images of the fracture surfaces and from wet-out analyses.
From studies of composite systems formed from neat DGEBA and from two modified DGEBA matrices, it was found that the choice of resin matrix was an important factor affecting the tensile strength, but not the elongation. The increased tensile strengths of composites prepared from PU-crosslinked DGEBA and BHHBP-DGEBA matrices can be explained as resulting from (a) crosslinking between the soft PU prepolymer and the DGEBA matrix and (b) grafting between the rigid-rod-like BHHBP and the DGEBA matrix.
